The largest existing optical telescopes and the next generation of extremely large telescopes are all segmented telescopes. The primary mirror segments must be phased in order to attain the diffraction limit of the telescope. In this paper, we investigate the effect of phasing errors on image quality delivered by the adaptive optics systems at the W. M. Keck Observatory using both simulations and on-sky data. We show that a ShackHartmann wavefront sensor is able to measure moderate phasing errors, which can be partially corrected by the deformable mirror. Phase retrieval using multiple short exposure images at and near the focal plane leads to phase maps that are consistent with telescope segment phasing errors of around 150 nm. In the future, we would like to use the phase maps to correct for the segment phasing errors.
INTRODUCTION
The largest existing optical telescopes and the next generation of extremely large telescopes are all segmented telescopes. With the exception of the Giant Magellan Telescope, these segmented telescopes all use tesselated hexagons with small segment gaps. In order to attain the diffraction limit of the telescope, we need to properly phase the segments and correct the atmospheric turbulence with adaptive optics (AO). A question that is seldom addressed is the interaction between telescope segment phasing errors and the image quality delivered by an AO system. In this paper, we investigate the effect of phasing errors on image quality at the W. M. Keck Observatory using both simulations and on-sky data. Figure 1 shows a narrowband H-band image (1.65 µm) taken with AO correction while guiding on a bright natural guide star (NGS) in favourable observing conditions. While the correction is excellent, the point spread function (PSF) images on this target exhibit a quasi-static structure in the first diffraction ring. In this paper, Figure 1 : Narrowband H-band image with an asinh stretch (left) and a linear stretch (right) to accentuate the first diffraction ring.
we show how phasing errors can lead to such artefacts and we present results from experiments to recover the phasing errors using images taken with the science camera.
Further author information: send correspondence to Marcos van Dam: marcos@flatwavefronts.com Starting in 2002, there was a strong push to understand, characterize and improve the performance of the Keck II AO system. 1 Hardware upgrades in 2007 and improvements in the calibration and operating software have narrowed the gap between the expected and delivered Strehl ratio.
2 There is also an ongoing effort at the W. M. Keck Observatory to predict the PSF of the science images based on telemetry from the AO system. 4 Since the quasi-static artefacts do not appear in the telemetry, they need to be measured and included in the PSF reconstruction algorithm. Currently, this occurs by making long-exposure phase diversity measurements on a bright star at the start of the observation. 4 Rampy et al investigated the presence of quasi-static aberrations in the AO-corrected images and suspected that telescope segment phasing errors could explain the some of the structure in the PSFs.
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The remainder of the paper is distributed as follows. Section 2 introduces the Keck telescopes along with the phasing and AO systems. In Section 3, we show that a Shack-Hartmann wavefront sensor (SH WFS) is able to measure phase discontinuities within a subaperture. End-to-end simulations of the Keck AO system, including phasing errors, are presented in Section 4. In Section 5, we use in-focus and out-of-focus images of the guide star to measure quasi-static aberrations, which are found to be consistent with phasing errors. Concluding remarks are offered in Section 6.
KECK TELESCOPES, SEGMENT PHASING AND ADAPTIVE OPTICS
In this section, we briefly describe the telescope, followed by the segment phasing, the AO systems and the science instruments.
Telescopes
The W. M. Keck Observatory consists of two almost identical telescopes situated on the summit of Maunakea, Hawaii, at an elevation of 4145 m. The primary mirror of each telescope has 36 hexagonal segments, and a gap between adjacent segments of the order of 3 mm. The distance between opposite vertices of the hexagon is 1.8 m, leading to an effective diameter of 10 m and a circumscribed diameter of 10.95 m. An image of the telescope pupil is shown in Figure 2 . 
Phasing camera system
The Keck telescope uses a visible light phasing camera system (PCS) to phase the segments.
5 PCS consists of 78 circular subapertures that span adjacent segments, as shown in Figure 3 .
The coherence of the images formed by these subapertures are compared with templates to yield estimates of the phase difference between the segments. The broadband phasing algorithm is currently in use, 5 as the narrowband algorithm originally proposed for fine phasing appears to have larger systematic errors.
6 78 mea- Figure 3 : Location of the PCS circular subapertures. 5 The subapertures between adjacent segments are used for phasing, while the subpertures on the outside are used for registration purposes.
surements are made of the phase difference between pairs of adjacent segment edges to produce estimates of the 36 segment piston terms. The repeatability of the measurement is a surface error of 30 nm, which corresponds to a wavefront error of 60 nm. The accuracy of the measurements, incorporating systematic errors, is claimed to be within 100 nm of surface (200 nm of wavefront). 5 In the remainder of the paper, all the segment phasing errors are quoted as wavefront, and not surface, errors.
Telescope phasing occurs approximately every two months, following a segment exchange, where some of the primary mirror segments are removed to be recoated and replaced by freshly coated ones. Once the telescope is phased, the output of the optically phased segments are used to define the reference points of the segment capacitive edge sensors. The active mirror control system (ACS) uses these capacitive sensors to maintain the optical figure of the segmented primary mirror under the changing influences of gravity and temperature. 7 In addition, a look-up table is used to remove the effect of so-called terrace mode, caused by distortion of the edge sensors under gravity. Without this correction, ACS would impose a terrace-like structure on the primary mirror. The size of the effect is about 3 nm per degree of elevation. A second look-up tablr corrects for primary mirror focus mode. In an attempt to keep the sensor readings constant, the ACS then imposes a terrace-like structure on the primary mirror. The performance of ACS in maintaining the optical phase with varying gravity vectors, temperature and humidity is understood. However, the performance of with time over time scales of hours to days has not been studied.
Other techniques can be used to phase segmented telescopes by comparing the phase at the edges of adjacent edges. Two such methods proposed for the James Webb Space Telescope have been sky-tested at the W. M. Keck Observatory. Shi et al implemented a dispersed fringe sensor to test fine phasing, 8 while Albanese et al used a dispersed Hartmann sensor to test coarse phasing.
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Methods for phasing from images are investigated in Section 5.
Adaptive optics and science instruments
Each telescope is equipped with essentially identical AO systems. 1, 2, 15, 16 There are notable differences between the sodium lasers and associated launch optics, 10, 11 and the fact that Keck I has an infrared tip-tilt sensor 12, 13 in addition to a visible light one. Three near infrared science instruments operate behind the AO systems. The Keck I AO system feeds OSIRIS, an integral field spectrograph and imager. On Keck II, the AO-corrected light is directed to NIRSPEC, a high-resolution spectrograph, or NIRC2, an imaging camera. The work reported here uses NIRC2 on Keck II, but the results are equally applicable to the other science instruments. The AO system can guide on NGSs (both point sources and very extended sources, such as Uranus) and laser guide stars (LGSs).
The same SH WFS, set to the appropriate conjugate altitude, is used in both NGS and LGS mode. It has 20 × 20, 0.562 m square subapertures across the telescope primary mirror. The detector is an 80 × 80 pixel CCD-39 which is typically read as a quad cell with 2 × 2 pixel binning. A quad cell, which consists of 2 × 2 pixels per subaperture, is used as it limits the noise on the centroid caused by the detector read-out noise. The use of a quad cell, however, leads to an uncertain relationship between the raw centroid (in units of pixels) and the angular displacement of the spots (in arcseconds). The relationship between the two is called the centroid gain and depends on the size and shape of the spot on the WFS.
14 Calibrating the centroid gain while operating on the sky is a well-known but difficult to solve problem. The main implications of using quad cells on this work is that the calibrated reference centroids (also known as centroid offsets or origins) are not perfectly compensated on the sky, since the size of the spots is variable and only approximately known. This means that a significant fraction of the calibrated non-common path aberrations leak onto the science image in a time-varying, unpredictable manner. The dominant non-common path aberration on Keck II is 300 nm of 90
• astigmatism on the science path ( Figure 4 ) which is corrected using reference centroids on the WFS. As a result, we expect to see astigmatism on the images if the centroid gain is not correctly set. Two separate mirrors are used to correct the wavefront: tip-tilt mirror and a deformable mirror (DM). The DM is 349 actuator mirror made by Xinetics. More information on the AO systems can be found in Wizinowich et al. 15 
RESPONSE OF WAVEFRONT SENSORS TO PHASING ERRORS
It is commonly believed that because the SH WFS is a geometric WFS, it is insensitive to discontinuities in the wavefront. Here, we investigate the response of the SH WFS to phase discontinuities using a one-dimensional toy example. In Section 4, we present full end-to-end simulations of the Keck AO system. Consider a single, one-dimensional subaperture with a phase iscontinuity in the middle of the subaperture, as shown in Figure 5 . For small phase discontinuities, the centroid from the resulting image is exactly the same Figure 5 : Phase discontinuity across a subaperture and a phase with a constant tilt (left). These two phases at the pupil produce images (right) with the same centroids. The dotted line denotes the center of the detector.
as from a pure tilt phase with the same values at the edges of the subaperture. As the magnitude of the phases discontinuity increases, the response becomes non-linear, as shown in Figure 6 . It can be seen that the quad Figure 6 : Response of the SH WFS using the centroid and the quad cell to a phase discontinuity across the subaperture. The straight dotted line represents the reponse of the centroid to a tip-tilt.
cell is even more sensitive to discontinuities than the centroid is, and for this ideal case, the dynamic range is high. If the discontinuity is greater than λ/2, however, then the centroid estimate will have the wrong sign. This clearly shows the potential for an AO system based on a SH WFS to measure and partially correct phasing errors, provided that they are sufficiently small.
END-TO-END SIMULATIONS OF PHASING ERRORS
In this section, we explain how we generate synthetic telescope segment phasing errors. We describe the end-toend simulations written in yao, 17 and report the simulation results.
Simulating segment piston errors
An optical phase measurement is made between each pair of neighboring segments. Let us assume that the measurement is a Gaussian process with zero mean, and each measurement is uncorrelated with every other measurement. The error in the measurement could stem from many sources, such as measurement noise, atmospheric turbulence, errors in the mirror figure, segment tip-tilt, etc. Here, we are not concerned with the source of the error. We generate an interaction matrix, M , that relates how poking each of the 36 segments affects the vector of 78 phase measurements between adjacent segments. The reconstructor, R, is the pseudo-inverse of M and converts phase measurements into segment piston estimates. The interaction and reconstructor matrices are displayed in Figure 7 . The eigenmodes of the interaction matrix are shown in Figure 8 . It can be seen from the eigenmodes that the dominant modes are low-order modes, so we expect that most of the power in the segment phasing error will reside at low spatial frequencies. The telescope phasing errors were simulated by multiplying the reconstructor by a vector of 78 random numbers from a zero-mean Gaussian distribution. If the error in the phase measurements between adjacent segments has a standard deviation of 100 nm, then the resulting segment piston error is 69 nm, the same value calculated by Chanan et al 5 ). The resulting phase across the pupil tends to be low-order, as shown in Figure 9 . We do not believe that the figure of the primary mirror looks like the Figure 9 : The three sets of random piston errors used in the simulations. images in Figure 9 : the wavefront error is likely to be far more complex, with high spatial frequencies due to figure errors and segment tip-tilt. Nevertheless, the point is that random errors in measuring the phase difference between segments lead to mostly low-order aberrations in the primary mirror figure. The questions to address is to what extent are these phase errors measured by the wavefront sensor and corrected.
Description of simulations
End-to-end Monte Carlo simulations were run using yao to understand how phasing errors on the Keck telescopes affect the PSF delivered by the AO system. Yao is a flexible, open-source, user-configurable simulation platform written in the yorick language by François Rigaut, with contributions from a number of users. 17 Custom yorick scripts were written to simulate the specifics of the Keck telescopes and AO systems, such as the telescope pupil, DM actuator locations and wavefront reconstructor.
The simulations used 500 × 500 pixels over a 11.2 m diameter telescope pupil, with each pixel spanning 0.0224 m. The WFS has 20 × 20 subapertures, each with 2 × 2 2.94 pixels, operating with an m R = 6 guide star at a single wavelength 640 nm. Using broadband light would improve the fidelity of the simulations. The effect of charge diffusion 1 of the CCD is modeled as a convolution by a Gaussian with a FWHM of 0.6 . The non-common path aberrations, and hence the reference centroids, were assumed to be zero.
The tip-tilt mirror is modeled as an ideal mirror with no dynamics. The DM has 349 actuators in the same configuration as the real DM. An actuator wavefront of 0.4 µm per Volt is assumed, with a cross-talk between adjacent actuators of 15%. The voltage is restricted to ±10 V The restriction in voltage difference between adjacent actuators and the actuator hysteresis are not modeled.
A two frame loop delay was used for both the tip-tilt and DM loops. The reconstructor and control laws are the same as implemented on the sky for a bright guide star. The tip-tilt controller was
while the DM controller was
21080 iterations were run at a frame rate of 1054 Hz for 20 s of simulated data.
The atmospheric parameters used in these simulations are derived from a typical Mauna Kea profile and are reproduced in Table 1 . The value of r 0 is set to 0.15 m at 500 nm and an infinite outer scale is used in the simulations. The guide star and the science target are assumed to be the same object and located at zenith. 
Simulation results
Simulations were run with varying amounts of the three realizations of phasing errors shown in Figure 9 . The average results are presented in Table 2 . For segment piston errors with an RMS value ≤75 nm, the additional error is small because the WFS can measure it and the DM can partially correct it. However, once the phasing errors reach 150 nm, the errors are amplified because the WFS measurements can have the wrong sign. Recall that the WFS can accurately measure phase discontinuities as large as ≈ λ/3 (210 nm), and that the sign of the WFS measurement is wrong for discontinuities greater than λ/2 (320 nm).
This finding can be visualized by inspecting Figure 10 , which plots the PSFs on a linear scale for different amounts of segment piston. Clear structure in the first diffraction ring can be see for 150 nm or more of phasing error. In this example, the phasing error on the left of Figure 9 was used. Simulations were run with 150 nm of segment piston error to see what the residuals wavefront is. The average residual wavefront was saved and is displayed in Figure 11 for two cases: with and without atmospheric turbulence. The AO system only corrects a small fraction of the segment piston, and there is significant low spatial frequency power that the DM could correct if only the WFS could measure it.
ESTIMATING THE SEGMENT PHASING ERRORS FROM IMAGES
In this section, we present the use of images at or near the focal plane to estimate the segment phasing error. We describe previous work on this topic, and show new results using NIRC2 images. 
Previous work
Two experiments based on images taken at or near the focal plane have been previously employed to measure the telescope phasing error.
Löfdahl et al took simultaneous in-focus and out-of-focus short exposure images of a bright star at 900 nm with a CCD. 19 Unfortunately, the wavefront errors due to atmospheric turbulence were too strong, and they were unable to retrieve the phase and thereby measure segment piston. The authors postulated that better seeing (r 0 ≥0.3 m!) or AO-correction would be required. Alternatively, the measurement could be made at longer wavelengths using an eAPD array.
Another method for phasing, called phase discontinuity sensing (PDS), was developed by Chanan et al and enjoyed success. This consists of imaging a bright star at 3.3 µm. The method was initially developed for the NIRC camera on Keck I, and was later extended to use the NIRC2 camera on Keck II. 18, 20 Severely defocused long-exposure images are taken successively on both sides of focus. The efficiency and performance of PDS can be improved by correcting the wavefront with AO and using shorter wavelengths (probably K-band). Unfortunately, the WFS can only be sufficiently defocused in one direction. The performance of PDS with a single image needs to be investigated further.
Phase retrieval from in-focus NIRC2 images
Images of HIP 1602, with an apparent magnitude of m V = 6.78, were taken on 15 October 2016 using NIRC2, first in focus and then at four different defocus planes. The AO loops were closed on the target itself. In this section, we present the results based on the in-focus images, while an analysis of the defocus images is presented in Section 5.3. In all cases, the filter is Brackett Gamma, a narrowband filter with a central wavelength of 2.168 µm.
50 consecutive frames were saved with an exposure time of 8 ms, and a time lag between successive frames of 3.2 s. Many frames are needed to average out the effect of the residual atmospheric turbulence. The structure in the reduced images, shown in Figure 12 , varies from frame to frame.
A modified Gerchberg-Saxton algorithm 21 was used to recover the wavefront error based on the short exposure images. The individual wavefront error maps are shown in Figure 13 . There is a structure in the wavefront error that is common to all of the short-exposure images. The images at the focal plane suffer from phase ambiguity: it can be shown that, assuming uniform amplitude at the pupil plane, the phase φ(x, y) leads to the same images as −φ(−x, −y). The two possibilities for the average reconstructed wavefront are displayed in Figure 14 . Defocused images are used in Section 5.3 to break the phase ambiguity and determine that the phase on the left correct. The astigmatism term in the reconstructed phase maps is small, which shows that the astigmatism corrected by the reference centroids has not leaked into the image via incorrect centroid gains. The structure in the phase maps is consistent with segment phasing errors. 
Phase retrieval from phase-diverse NIRC2 images
The same measurements were also made using out-of-focus images. The images were taken by defocusing the WFS by ±3 mm, thereby adding a focus wavefront error of approximately ±540 nm RMS. 50 images were captured on either side of focus, with sample images shown in Figure 15 . We can immediately see that the level of defocus is not the same, with the image on the left appearing to be more out of focus than the image on the right, indicating that the calibrated focus position was wrong. This focus term was removed from the reconstruction.
There are two ways to combine the multiple images at the three different focus positions to obtain a phase estimate: by estimating the phase corresponding to each image and then averaging, or by doing a joint estimate of the phase given all of the images. We present the results from both methods here.
First, the phase was estimated for each image using a modified Gerchberg-Saxton algorithm similar to the one used to calibrate the non-common path error of the AO system. 21 The phase ambiguity problem is eliminated by forcing the solution to be consistent with data from all three focal positions ( Figure 16 ) (left). The wavefront error has mostly high-spatial frequency structure and an RMS value of 111 nm.
The second way to retrieve the phase is to simultaneously solve for the phase that minimizes the difference between all of the measured images and the modeled images. The open source software package yorick-opra was used for this purpose. 22 The first 28 Zernike modes were reconstructed, with the reconstruction displayed in Figure 16 (right). The reconstruction looks similar and the RMS wavefront was almost identical at 112 nm. The reconstruction is consistent with the phase found from the in-focus images in Figure 14 , although the use of defocused images improves the reconstruction of high spatial frequencies.
A third set of data was captures with the WFS stage ±12 mm out of focus. This is the maximum distance that the focus stage can move in the negative direction. The Gerchberg-Saxton code had difficulties due to phase wrapping, but the yorick-opra code ran well and returned an identical phase map to the one shown in Figure 16 .
The true phasing errors are likely larger, because phase retrieval algorithms are not able to capture the high spatial frequencies that result from phase discontinuities. By inspection of Table 2 , we find that a residual error of 112 nm stems from around 145 nm of phasing error. Figure 16 : Average reconstructed wavefronts from all the short-exposure images at the three different focal positions using the modified Gerchberg-Saxton algorithm (left) and OPRA (right). The Gerchberg-Saxton algorithm estimates the phase pixel by pixel, while OPRA reconstructs the first 28 Zernike modes.
CONCLUSION AND DISCUSSION
In this paper, we investigate the effect of segment telescope phasing errors on the image quality delivered by an AO system. In particular, we are interested in knowing whether telescope phasing errors could be responsible for the artefacts in the PSF of NIRC2 images delivered by the Keck II AO system. Using a toy example and full end-to-end simulations, we show that a SH WFS is able to measure phase discontinuities of up to ≈ λ/3, and the DM is able to partially correct them. For larger phase discontinuities, the sign of the WFS measurements can be wrong and exacerbate the phasing errors.
Short-exposure images were taken on the sky. Using phase-diverse phase retrieval, we show that the recovered phase maps, with an RMS value of about 110 nm, are consistent with telescope phasing errors of around 150 nm. This leads to a relative reduction in H-and K-band Strehl ratios of 28% and 18% respectively.
There is still a lot of work to be done on this topic. The WFS simulations could be expanded to include broadband light, LGSs, and other WFSs, such as a pyramid WFS. We could also use the output phase maps to update the reference centroids of the WFS or, ideally, the reference of the capacitive sensors in the telescope active mirror control system in order to correct for the piston errors.
